In this paper, a novel spectral-efficient coherent radio-over-fiber (RoF) link with linear digital phase demodulation is proposed and experimentally demonstrated. At the transmitter, to make an efficient use of the optical power and spectra, an intensity-modulated optical signal serving as the optical reference signal and a phase-modulated optical signal are polarization-multiplexed on a single optical carrier. At the receiver, the two optical signals are coherently detected with an optical local oscillator (OLO) and demodulated free of laser phase fluctuation through digital signal processing. Owing to simple and linear digital phase demodulation, an RF input signal is linearly demodulated from the optical phase without approximations and preconditions, which preserves the linearity of the phase-modulated RoF optical link from the transmitter end to the receiver end. The proposed scheme is experimentally verified by 25-km single-mode-fiber (SMF) transmission of two 16-QAM microwave vector signals at 2 GHz and 2.4 GHz, both with a symbol rate of 50 Msymbol/s. The transmission performance in term of error vector magnitude (EVM) is evaluated. Additionally, 25-km SMF transmission of the phase-modulated input signal with a spurious-free dynamic range (SFDR) of 112.8 dB·Hz 2/3 is obtained.
Introduction
As an efficient manner to transmit radio-frequency (RF) signal with low loss, radio-over-fiber (RoF) technology has been extensively studied for many years [1] . The most concerned aspect of RoF links is the linearity which guarantees that RF signals dropped from the fiber routes are nondistorted. In general, RoF links are grouped into two categories, namely the direct-detected and the coherent-detected RoF link, depending on the detection approach used. The direct-detected RoF link is low cost and simple, but it is only effective if the RF signal is modulated on the intensity of the optical carrier. Such links are not strictly linear due to the sinusoidal intensity modulation process based on external modulation at the transmitter. The coherent-detected RoF link is comparatively costly and complex, but with higher receiver sensitivity and flexibility to detect either intensity-modulated or phase-modulated optical signals [2] . Additionally, with phase modulation at the transmitter and the digital signal processing (DSP)-aided in-phase/quadrature-phase (I/Q) demodulation at the receiver, the coherent-detected RoF link has been reckoned as the only solution to achieve the rigorously linear transportation of radio-frequency (RF) signals over the fiber route so far [3] .
However, coherent-detected RoF links are highly sensitive to the laser phase fluctuation, including the laser phase noises and the frequency offset between the transmitter laser and the optical local oscillator (OLO) laser. Numerous methods have been developed to mitigate the effects of the laser phase fluctuation. The simplest manner is the self-homodyne-detected RoF link wherein the laser phase fluctuation is avoided by employing the same laser source for both the transmitter and the OLO. However, it requires that the optical paths of the interferometer are well matched. In the self-homodyne system proposed by Clark et al. [3] , an electrical feedback control loop was used to realize the path-length alignment. However, such a scheme is limited for short-reach links and difficult to be accommodated in wireless access networks. In our previous work [4] , we have proposed a self-homodyne scheme with an extended transmission distance and increased spectral efficiency by delivering an intensity-modulated OLO signal and a phase modulated optical signal via two orthogonal polarization states in a single fiber. However, in both of the two schemes mentioned above [3] , [4] , the erbium doped fiber amplifiers (EDFAs) are used to improve the receiver sensitivity because sending the OLO signal from the transmitter over long distance yields a low LO power at the receiver. Thus, additional amplified spontaneous emission (ASE) noises are introduced by the optical amplifier in such schemes.
Coherent-detected RoF links containing an OLO at the receiver are more desirable because high receiver sensitivity can be obtained without using optical amplifiers. In such schemes, the intuitive method to eliminate the laser phase fluctuation is to lock the phase of the two lasers by an optical phase locked loop (OPLL) [5] . However, the bandwidth of an OPLL is limited below 1 MHz even for state-of-the-art products, which makes the system unstable [6] . In addition, the challenges from both the technical and economic aspects also hinder the deployment of OPLLs in practical cases. Recently, many approaches relying on signal post processing in the digital domain are proposed to avoid the use of the OPLL [7]- [14] . Owing to the powerful DSP algorithms combined with proper link design, such schemes successfully minimize the impact of the laser phase fluctuation. However, for the phase-modulated coherent RoF link, the DSP algorithms should be carefully designed because the linearity of the transmission might be deteriorated. For example, in X. Chen's work [8] - [11] , although the phase-modulated optical signal can be demodulated free from laser phase fluctuation, the demodulation process is not linear unless either the small signal approximation or a certain precondition, i.e., the spectrum of the laser phase noise was not overlapped with that of the signal, was satisfied. To maintain the linearity of the phase-modulated RoF link at the demodulation stage, several approaches are presented. In [12] , a digital phase-locked loop (DPLL) is built to serve as the counterpart of an OPLL in digital domain. In such a scheme, the phase demodulation is linear but the DSP algorithm is complex. In [13] , by employing a Sagnac loop to deliver an empty optical carrier as the remote optical reference signal along with the phase-modulated optical signal to the receiver, the RF signal can be linearly demodulated from the optical phase by a simple DSP algorithm. However, an unmodulated optical reference signal results a waste of the optical power and spectra. Besides, the Sagnac loop is susceptible to environmental interference which may affect the system performance.
In this paper, we propose a novel spectral-efficient coherent RoF link based on intradyne detection with linear digital phase demodulation. As the central station is supposed to endure more complexity than the remote radio unit, our scheme is assumed to be applied to uplink RoF systems. It can also be applied to a point-to-point high-speed wireless transmission system. In the proposed scheme, at the transmitter, an intensity-modulated optical reference signal and a phase-modulated optical signal are generated on a single optical carrier by a polarization division multiplexing Mach-Zehnder modulator (PDM-MZM) to achieve a highly efficient use of the optical power and spectra. Since an integrated modulator is used, the transmitter is less sensitive to the environmental disturbance. At the receiver, the two optical signals are coherently detected with an OLO and then demodulated with laser-phase-fluctuation cancelled through digital signal processing. Particularly, for the phase- 
Principles
The schematic diagram of our proposed scheme is illustrated in Fig. 1 . The transmitter incorporates a continuous wave (CW) laser and a PDM-MZM. By the PDM-MZM which contains a Y-splitter, two dual-electrode MZMs and a polarization beam combiner (PBC), the light wave from CW laser 1 is split into two channels referred to as IM channel and PM channel in the rest of our paper for the subsequent intensity and phase modulation on two orthogonal polarization states respectively.
The intensity modulation in IM channel is accomplished by the push-pull usage of the X-MZM. Two RF signals generated from the same RF signal source but with π phase difference after a 180°e lectrical hybrid coupler are injected into the RF input ports of the X-MZM. The direct current (DC) bias of X-MZM is tuned at the quadrature transmission point (QTP). Supposing that the RF signal modulated on the amplitude of the light wave is denoted as V RF ,I M (t) and the light wave from the CW laser 1 is expressed as E s (t) = √ P s e j[ω s t+ϕ ns (t)] , where P s , ω s and ϕ ns (t) are the optical power, the angular frequency and the laser phase noise, respectively, then the output of the X-MZM can be written as
In PM channel, another RF signal source is divided by an electrical divider before being launched into the RF input ports of the Y-MZM to accomplish the phase modulation. The DC bias of Y-MZM is tuned at the maximum transmission point (MATP). Assuming the RF signal imposed on the optical phase is denoted as V RF ,PM (t), the output of the Y-MZM can be expressed as
The two modulated optical signals are then combined by a PBC and transmitted over a 25-km SMF. At the receiver, the combined signals with two orthogonal polarization states are sent to the signal (SIG) input port of a coherent receiver. A light wave emitted from the CW laser 2 is fed into the LO input port of the coherent receiver. By tuning the polarization controller (PC1), the combined signals are split by a polarization beam splitter (PBS) inside the coherent receiver. Through tuning PC2, the polarization state of the LO signal is aligned at 45°relative to one principle axis of the PBS to facilitate the interference in the X-QOH and Y-QOH. Given that the responsivity of the balanced photodetectors (BPDs) in the coherent receiver is R, and the light wave from the CW laser 2 is expressed as E lo (t) = √ P lo e j[ω lo t+ϕ nlo (t)] , where P lo , ω lo and ϕ nlo (t) are the optical power, the angular frequency and the laser phase noise respectively, the four outputs of the coherent receiver can be given by
The four electrical currents are sampled by the analog-to-digital converter (ADC) and then sent to the DSP unit for numerical processing. Assuming the input signal V RF ,I M (t) is small, the first two outputs of the coherent receiver are applied to demodulate the intensity-modulated input signal by
And the laser phase fluctuation between the two lasers is estimated by extracting the phase of the complex quantity K I M (t) by
Meanwhile, the phase-modulated input signal is therefore demodulated with the laser phase fluctuation cancelled by
From the Eq. (11), it is clear to see that the RF signal is linearly demodulated from the optical phase without approximations and preconditions. This linear phase demodulation is very simple and easy to conduct. 
Experiments and Results
A proof-of-concept experiment based on Fig. 1 is demonstrated. A light wave from a CW laser source (Neophotonics TTX1995) operating at a wavelength of 1551.710 nm, with a linewidth of about 20 kHz and an output optical power of 8.5 dBm is sent to the PDM-MZM (Fujitsu FTM7980EDA). The PDM-MZM contains two dual-electrode MZMs each with a half-voltage of 3.5 V and an extinction ratio of 20 dB. In IM channel, a 16-QAM microwave vector signal (generated by Rohde & Schwarz SMBV100A) at 2.4 GHz with a symbol rate of 50 Msymbol/s is split by an 180°electrical hybrid and then sent to the two RF input ports of the X-MZM for the intensity modulation. The DC bias of the X-MZM is tuned at QTP. In PM channel, another 16-QAM microwave vector signal (generated by Rohde & Schwarz SMW200A) at 2 GHz with the same symbol rate of 50 Msymbol/s is divided by an electrical divider and then injected into the two RF input ports of the Y-MZM for phase modulation. The DC bias of the Y-MZM is tuned at the MATP. The two modulated optical signals with orthogonal polarization states are subsequently combined by a PBC and transmitted over a 25-km SMF. At the receiver, the polarization multiplexed signals are launched to the SIG input port of an integrated coherent receiver (Neophotonics 100G IPBS MPD ICR) via PC1. The optical power at the SIG input port of the integrated coherent receiver (ICR) is −11.15 dBm. By tuning PC1, the two modulated signals are finely demultiplexed by the PBS inside the coherent receiver. It should be noted that, the PC1 can be replaced by a dynamic polarization controller [15] to avoid manual adjusting in a practical system. Another CW laser source (Emcore 1782) centered at the wavelength of 1551.685 nm with a linewidth of about 1 MHz and an output power of 2.84 dBm is served as the OLO source. Through tuning PC2, the polarization direction of the OLO signal is aligned to 45°r elative to the principle axis of the PBS. After the detection, the four output electrical currents are digitized by an oscilloscope (Keysight DSOV334A) with a sampling rate of 20 Gsa/s. The numerical processing is processed offline based on the Eqs. (7-11) in a computer. Fig. 2(a) shows the spectrum of the output signal from I I M port at IM channel. As can be seen from Fig. 2(a) , after coherent detection, an intermediate frequency (IF) around 3.1 GHz is generated corresponding to the wavelength difference of 0.025 nm between the transmitter laser and OLO laser. The noisy IF carrier blurred by the phase noises of the two un-locked lasers is also shown as the inset in Fig. 2(a) . The 16-QAM microwave vector signal at 2.4 GHz is down-and up-converted to two prominent sidebands at 0.7 GHz and 5.5 GHz apart from the IF. Two weak sidebands at 1.1 GHz and 5.1 GHz corresponding to the mixing products between 16-QAM microwave vector signal at 2 GHz and the IF are also observed, which is due to the imperfect extinction ratio of the PBS inside the coherent receiver. Fig. 2(b) shows the spectrum of the recovered signal after DSP at IM channel. The constellation diagram of the demodulated signal with an EVM of 8.06% is illustrated as the inset in Fig. 2(b) . Fig. 3(a) shows the spectrum of the output signal from I PM port at PM channel. As seen in Fig. 3(a) , the desired mixing products generated by 16-QAM microwave vector signal at 2 GHz and the IF are at 1.1 GHz and 5.1 GHz. The two weak sidebands at 0.7 GHz and 5.5 GHz are the leaking ones from IM channel due to the poor extinction ratio of the PBS. Similarly, laser phase noises account for the wide profile of the IF carrier which is illustrated as the inset in Fig. 3(a) . The spectrum of the recovered signal at PM channel is shown in Fig. 3(b) and the constellation diagram with an EVM of 4.74% is shown in the inset.
The transmission performance of the proposed scheme in terms of EVM is evaluated. The experimental results are presented in Fig. 4. In Fig. 4 , the EVMs versus the received optical power are measured for both channels. The LO input power of the ICR in this measurement is −0.8 dBm. As can be seen, when the received optical power is at −19.15 dBm, the constellation diagrams at IM channel and PM channel both are separable.
In order to testify the effectiveness of the linear phase demodulation algorithm, the SFDR performance of the PM channel is investigated. In our test, a two-tone signal formed by two RF signals at 2 GHz and 2.1 GHz is served as the RF input source of the PM channel while the RF signal source of the IM channel is turned off. The optical powers launched into the SIG and LO input ports of the ICR are controlled to be −9 dBm and 5.8 dBm respectively. By increasing the RF input power of the two-tone signal from 8 dBm to 13 dBm, the output powers of the fundamental microwave signal and the third-order intermodulation distortion (IMD3) are measured from the spectrum of the recovered signal. The digitizer noise floor of the oscilloscope is −145.8 dBm/Hz during the experiment. As shown in Fig. 5 , after 25-km SMF transmission, a SFDR of 112.8 dB·Hz 2/3 , a link gain (the ratio of RF output power to RF input power) of −8.5 dB and an output third-order intercept point (OIP3) of 23.4 dBm are obtained for PM channel in our proposed scheme.
Conclusions
We have proposed a spectral-efficient coherent RoF link with linear digital phase demodulation. The proposed scheme can achieve an efficient use of the optical power and spectra by using a PDM-MZM to generate an intensity-modulated optical reference signal and a phase-modulated optical signal from the transmitter. At the receiver, aided by a DSP unit, both two signals can be successfully demodulated free from the laser phase fluctuation between the transmitter laser and the OLO laser. The digital phase demodulation in our scheme is linear and simple. A proof-ofconcept experiment has been demonstrated. The transmission performance in term of the EVM is measured for 25-km SMF transmission of an intensity-modulated and a phase-modulated 16-QAM microwave vector signal, both at a symbol rate of 50 Msymbol/s. Additionally, a SFDR of 112.8 dB·Hz 2/3 , a link gain of −8.5 dB and an OIP3 of 23.4 dBm are obtained for 25-km transmission of a two-tone test signal in PM channel and the results show that the good linearity of the PM channel is preserved by the linear phase demodulation.
